In high latitude and alpine environments many plants show an increase in viviparous reproduction in response to harsh environmental conditions. Low or no seed set means that ex situ conservation in the form of seed banking is not a conservation option for such species. We investigated the potential for bulbils to be stored ex situ in seed banks using traditional storage methods (drying and freezing at −20°C) and cryopreservation (drying and freezing at −180°C) as a means of ensuring the long-term conservation of such species. In addition, the impact of drying bulbils to 15% eRH or maintaining initial humidity (60% eRH) was investigated. The study was based on bulbils of the drooping or nodding saxifrage (Saxifraga cernua) collected in Bellalui (commune d'Icogne, Switzerland) at an altitude of 2200 m.a.s.l. Our findings suggest that conservation under traditional seed banking methods or by cryopreservation is a viable option for species producing small (<2 mm) bulbils. This provides new hope for conserving high altitude or latitude plants producing bulbils.
Introduction
The European Alps form an arc stretching 1200 km from the Mediterranean coast to the Vienna Basin and form a regional center of plant diversity. The vascular plant flora of the Alps comprises 4485 taxa, of which 2433 taxa are present in subalpine to nival belts (Aeschimann et al. 2011) . The occurrence of high levels of endemism at altitude, of high species richness and of the services provided by alpine ecosystem has made the Alps one of the most important regions for plant life in Europe. However, high mountains and alpine ecosystems are also the most threatened ecosystems in Europe as a result of human pressure, transformative land uses and global warming Pauli et al. 2012) .
To address the threats facing the alpine flora a regional network covering the European Alps has been developed to conserve plant diversity and raise awareness of their threatened status (Müller et al. 2017) . One of the aims of this Alpine Seed Conservation and Research Network (http://www. alpineseedconservation.eu/) is to safeguard 500 species of European alpine plants as seeds in ex situ collections based on their endemism, threat status, rarity, cultural and medicinal importance.
In addition to ex situ conservation the network also undertakes research to further the conservation of alpine plants in the face of climate change. One focus of this research is on Saxifraga, a common genus in the European Alps with 60 taxa found in diverse habitats and in diverse forms (Aeschimann et al. 2004) . The research program is investigating the ecological behaviour of alpine Saxifraga and the impact of global warming on seed germination and longevity as well as seedling recruitment and establishment, involving both laboratory, common garden and field experiments. This has led to the collection and testing of more than twenty species of Saxifraga, together with an evaluation of the best storage methods for this material.
Saxifraga cernua L. is one of the 43 taxa of Saxifraga in Switzerland (species and subspecies, Lauber et al. 2007, Info Flora 2018) . It has a wide circumpolar distribution across the High Arctic, but also occurs in more isolated populations in southern mountain ranges such as the European Alps (Hultén and Fries 1986) . Across its distribution, S. cernua is threatened by climate change, and in some areas by habitat destruction, leading to protected status in several countries (e.g. UK, JNCC 2018).
A common feature of high-altitude plants is an increase in viviparous reproduction with elevation as a response to harsh environmental conditions (Körner 2003) . For example, some species produce bulbils in place of seeds where the growing season is short (e.g. Pahl and Darroch 1997) . This is the case for S. cernua, despite luxuriant flowering, seed set has only rarely been observed (Molau 1992; Brochmann and Håpnes 2001; Kapralov et al. 2006) . The isolated peripheral populations of S. cernua in the European Alps show no signs of sexual reproduction (Bauert et al. 1998) , instead reproducing via numerous bulbils produced in the stem leaf axils. Storing seeds is, therefore, not an option for ex situ conservation, necessitating investigation of the storage potential of bulbils of S. cernua, as there are, as far as we know, no other studies on this subject.
While the long-term conservation of orthodox seeds in seed banks has been shown to maintain longevity for 10s to 100 s of years (Smith et al. 2003) , the application of such storage conditions has shown mixed results for bulbils. Storage of seeds at the Royal Botanic Gardens, Kew's Millennium Seed Bank (MSB) involves the desiccation of seeds to 15% equilibrium relative humidity (eRH), and cold storage at −20°C in hermetically sealed containers. The prevalence of short lived species at high altitude has been reported for the Italian Alps, and the need for alternative storage methods highlighted (Mondoni et al. 2011 ). Short lived species, whose viability can still deteriorate rapidly under these conditions (e.g. Salix spp.), have a portion of their seeds stored in liquid nitrogen in the vapor phase (−180°C). For cryopreservation to be successful species-specific techniques need to be developed in relation to the species' natural freezing resistance, the explant size and type, and its water content (Pani et al. 2001) . Ice crystallisation must be avoided during the freezing process, to prevent physical damage to the tissuesan issue that is more complex the larger the tissue being stored. It is likely, therefore, that for large bulbils excised material would be stored rather than the whole bulbil.
This study investigates the storage potential of S. cernua bulbils under both sets of storage conditions at the MSB. Drying has been shown to be a critical step in relation to bulbil storage, with some evidence that drying to 15% eRH kills bulbils (MSB, unpublished data). The effect of drying to a higher eRH on survival and cold storage was, therefore, also investigated.
Methods
Saxifraga cernua bulbils (Fig. 1) were collected in August 2016 at Bellalui (commune d'Icogne, Switzerland) at an altitude of 2200 m.a.s.l. (longitude and latitude 46°N and 7°E). Approximately 3500 bulbils (0.75 g fresh weight) were harvested from 28 individuals. These were sent to the MSB for determination of their long-term storage potential under traditional seed banking methods.
The eRH of the collection was measured on arrival at the MSB and two germination tests of 50 bulbils each were set up on agar. The first was at 15°C, the second spent 8 weeks at 5°C before being transferred to 15°C. Both experienced 12/ 12 light regimes.
The remaining collection was split in half by weight. One half was dried to 15% eRH at 15°C, the other half was kept at 60% eRH at 20°C. After 19 days, when the collections had equilibrated to their storage conditions, the original tests were replicated, creating four further germination tests.
Each collection from the different humidity conditions was then split and a portion of each was placed in conventional long-term storage in a hermetically sealed container at −20°C and a second portion was placed in cryopreservation storage at −180°C in vapor phase liquid nitrogen. After two months in storage germination tests were set up as before but only at 15°C as the two different sets of germination conditions had been found to give similar results in earlier tests.
All germination tests were scored for radicle emergence weekly under a microscope (Lynx stereo microscope) until no further germination occurred for four weeks. Cut tests were carried out on the remaining bulbils at the end of each test to assess the number that were moldy, empty or infested.
Results
The relative humidity of the bulbils on arrival at the MSB was 59.8% eRH at 20°C 7 days after collection.
The results of the initial germination tests indicate that the bulbils were alive on arrival at the MSB. The test at 15°C achieved 72% germination, while that with 8 weeks at 5°C, then 15°C achieved 100% germination (Table 1) .
After 19 days of drying at 15% eRH and 15°C, the germination test at 15°C showed 92% germination, while the test receiving a cold treatment for 8 weeks showed 85% germination (Table 1) . These results were slightly higher than the initial test and show that drying to 15% eRH at 15°C had had no impact on the viability of the bulbils.
After 19 days of storage at 60% eRH and 20°C, the germination test at 15°C showed 90% germination, while the test receiving a cold treatment for 8 weeks showed 81% germination (Table 1) . These figures are slightly lower than the initial test, but do not indicate a substantial loss of viability of the bulbils.
Interestingly, there is no marked variation in germination between the bulbils dried to 15% eRH and those stored at 60% eRH for the same period. There was also minimal difference between the results of the two types of germination tests, although those held purely at 15°C showed higher germination. It was decided, therefore, that the remaining germination tests would only be run at 15°C.
After cold storage for two months all samples showed high levels of germination (>76%), with those dried to 15% eRH fairing marginally better in cryopreservation (−180°C, 85% germination), while those dried to 60% eRH showed higher germination under traditional storage (−20°C, 83% germination).
Discussion
Across its distribution, S. cernua is threatened by climate change, and in some areas by habitat destruction, leading to protected status in several countries (e.g. UK, JNCC 2018). An effective method of conserving vascular plant species is ex situ conservation in seed banks, this paper explored extending this conservation technique to bulbils of S. cernua.
In general, the viability of Saxifraga seeds declines rapidly in storage in traditional seed banks for orthodox seeds (Probert et al. 2009 ). We suggest that storage of bulbils offers a novel opportunity for the long-term conservation of this genus.
The high germination rate of fresh Saxifraga cernua L. bulbils in this study (72-100%) confirms that this is an efficient means of recruitment for this species. Thus, bulbils may be useful at least for short-term ex situ storage, replacing seed storage for bulbiferous species with low or no seed production. It is interesting to note that the bulbils receiving a treatment of eight weeks at 5°C had higher germination than the bulbils that did not receive this treatment. This could imply that cold stratification helps this species to germinate in the wild, as has been found for bulbils of Dioscorea (Chinese yam; Walck et al. 2010 ). Knowledge about the effects of germination and pregermination treatment of seeds (storage, desiccation tolerance, stratification) continue to improve (e.g. Baskin and Baskin 1998; Tweedle et al. 2003) . Although the germination responses of various alpine species have been widely investigated with respect to temperature and desiccation tolerance (Eurola 1972; Molau and Prentice 1992; Müller et al. 2011; Alsos et al. 2013 ) the same is not true for bulbils. Proctor and Pence (2002) commented on this lack of knowledge highlighting the need for systematic studies to determine which "are truly desiccationtolerant and which are simply highly resistant to water loss."
To avoid desiccation damage the water content must be maintained above a critical level (Ballesteros and Walters 2007) . This study found the bulbils of S. cernua to be desiccation tolerant, with no impact of drying to 15% eRH on germination results compared with bulbils held at 60% eRH. This implies that the hydration window for S. cernua is relatively wide. Having established that the bulbils could survive the drying process the second step of traditional seed banking was then investigated, namely cold storage. This was carried out by the two traditional methods in seed banking, at −20°C and at −180°C (vapor phase liquid nitrogen -cryopreservation).
No substantial impact on germination results was found between either cold storage temperature at either eRH. Further study is required to determine the long-term impact of storage at different eRH on viability. Seeds held at higher humidity lose their viability more rapidly than those stored at lower eRH, and thus survive for shorter periods in ex situ storage (Probert 2003) . Further investigation is required to identify the critical water content for these bulbils to avoid both desiccation and freezing damage.
These results show that bulbils of S. cernua can be stored under traditional seed bank conditions to help conserve this species. This is of particular relevance for S. cernua, as in contrast to the situation of arctic populations of this species (Gabrielson and Brochmann 1998; Kjølner et al. 2004 ), isolated relict populations in the Alps show a lack of genetic variation (Bauert et al. 1998 ). This suggests that it is unnecessary to sample each population of the Alps in order to make a representative ex situ conservation collection. In our case, the small size of the populations sensu Ellstrand and Elam (1993) , is not necessarily a problem in relation to conservation, as long as the population collected from is healthy.
This study provides hope for the long-term ex situ conservation of species with low or no seed set that produce small sized bulbils that can then be treated in the same manner as orthodox seeds. This opens up new avenues of conservation for high altitude and high latitude plants using viviparous reproduction. Further work is underway to see if these results are translatable to other bulbil producing species in the Alps. 
